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Abstract 
Renewable energy systems (RES), especially solar PV, are being diffused to rural communities to improve energy 
access. The sustainability of these systems is, however, becoming increasingly relevant. In this paper, the issues of 
appropriate match between technology and users  `capacities were addressed using a holistic multi-tiered approach in 
energy provision using solar PV systems. A multi-tiered approach pertains to the use of different types of systems 
that cater appropriately to the different types of users with varying levels of available resources, capacities, and 
willingness to sustain a system. The recommendations were based on actual solar PV cases from the Philippines. 
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1. Introduction 
Renewable energy systems, especially solar PV, are penetrating to rural communities without energy 
access. The long term sustainability of these systems is however, becoming more and more relevant. Two 
issues are important and related to consider in providing these energy provision systems for rural 
communities: (1) appropriateness of the technology and (2) the diverse capacities (and needs) of users 
within the community to sustain the systems [1, 2]. Addressing these issues, however, require innovative 
approaches. The objective of this paper is to propose an approach in off-grid rural energy provision that 
can address the appropriate technology and users` capacity matching issues. Two rural island cases from 
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the Philippines were referenced. The realisations derived from the cases provided basis for better 
strategies and recommendations for energy provision in rural communities. 
 
Nomenclature 
LED light emitting diode 
PCA principal component analysis 
PV photovoltaic 
RES renewable energy systems 
SHS  solar home systems 
2. Sustainability of off-grid Solar PV 
Rural communities in developing areas are characterised with low population densities and low 
income households. In an energy provision standpoint, these areas are often characterised as unviable for 
grid extension. For such cases, off-grid energy provision and distribution are necessary. Solar PV systems 
such as sub-centralised PV, solar home systems (SHS), and rechargeable solar LED lamps have emerged 
as energy solutions for rural communities. Individually, however, these systems are not always viable and 
sustainable for the whole community with diverse mix of users. Two cases were investigated in rural 
communities using solar PV systems to better understand the appropriateness of technologies and 
capacity of users to sustain their systems. The cases are discussed as follows. 
2.1. Realisations from the Pangan-an Island case 
2.1.1. Case background 
 
The first case was conducted in an off-grid island using a sub-centralised PV system. In year 1999, the 
Belgian government donated PhP22 Million to a local community for the development of a Solar Power 
Project in the Island of Pangan-an, Cebu, Philippines. The small off-grid island with a population of 
around 2,500 people is 45 min boat ride from the main island of Cebu. The solar project was considered a 
clean energy source, replacing the existing power sources of kerosene lamps and diesel generators used 
by locals. The project was composed of 504 PV panels of 45 kWp capacity and battery system which 
provided 85.5 kWh per day for 300 households [3, 4]. The project included the establishment of a 
community cooperative to operate and maintain the system while being overseen by the Department of 
Energy of the Philippines (DOE). 
2.1.2. Investigation findings 
 
Through an investigation by the authors in 2010, and several reference studies, several realisations 
were found [2, 5]. The techno-economic and socio-economic conditions of the project and the community 
were investigated. The users were found to have varying levels of incomes and livelihood opportunities 
which resulted to varying electricity usage and financial capacities. Majority of the users were low-
income users and did not have enough financial capacity to sustain paying for the upkeep of the solar PV 
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plant. The investigation concluded that the solar PV plant was inappropriately sized to accommodate for
the low income users of the community.
It was later found that a smaller type of system, such as rechargeable LED lamps, was more
appropriate for the low-income users. A sub-centralised rental and charging system for LED lamps was
developed using the existing solar PV plant. This was mathematically modeled and proven financially 
viable through a parallel study by the author [6]. The project was able to provide for the lower-income 
users while adding profits for the existing PV plant through additional electricity consumption for
charging. Figure 1 depicts the LED lamp rental system components. The LED lamps were charged, rented,
and paid on a daily basis to provide affordable lighting while replacing the use of kerosene lamps. This
particular energy distribution system was able to provide for the lower income group while using a larger
system which accommodated the energy needs of more financially capable households.
The Pangan-an case revealed the long-term situation of RES projects installed in an off-grid rural
community. Despite the diversity of users within the community, the community in general was still one
of limited technical and financial means. The technology installed, was found inappropriate for the
technical and financial capacity of the users. However, utilising a different energy distribution system
(through rechargeable LED lamps), proved that a strategic approach can be applied to make the
technologies more appropriate. The technically simple and less expensive requirements of the LED lamps
proved to address the lower income group within the community. The diversity of users (with varying
financial and technical capacities) was indeed important to recognise and take into account in designing 
and installing the solar PV system.
Fig. 1. Solar PV station and the LED lamp charging system in Pangan-an Island
2.2. Realisations from the Alumar Island case
2.2.1. Case background
A second case investigation was conducted in an off-grid island (Alumar, Philippines) using solar
home systems (SHS). Alumar is a small rural island 3km from the main island of Bohol. In 2008, the
Philippine government, in cooperation with Japan International Cooperation Agency, transformed a 
battery charging station project to an individual solar home system power provision for 50 users. Each of 
the 50 households were provided with a complete solar home system composed of a solar panel (55 to 75
Wp), a charge controller, a lead-acid battery, and a few lighting appliances (3 11-W compact fluorescent
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lamps). The SHS system is shown in Fig. 2. In order to maintain the systems, a local cooperative was
established composed of the users themselves. Since the systems were individualised, users were
responsible to pay a monthly fee to avail of the system and were tasked to perform simple maintenance
routines on their systems.
The Alumar Island solar project provided an ideal case to investigate the performance of users in
relation to their capacities. In this case, the capacity and willingness of users were investigated in relation
to the financial (payment) and technical (maintenance) performance of users in sustaining their individual
SHS. Aside from taking note of the capacity of users, the willingness of users was thought to be important 
in determining the eventual performance of users to sustain their systems [7]. In this paper, principal 
component analysis was used to examine the correlation tendencies among user attributes and user 
performance.
Fig. 2. Solar home system in Alumar Island
2.2.2. Analysis and results using principal component analysis
Principal component analysis (PCA) is a multivariate analysis used as a dimension-reduction technique
and as a way to describe the underlying structure of a dataset. PCA focuses on the linear relationship
among variables where principal components are identified to describe the best variability [8, 9].
Components are obtained through diagonalisation of the correlation matrix of a data set which extracts the
associated eigenvectors and eigenvalues. The eigenvalues are interpreted as the inertia, or explained 
variance, for the component [10]. In PCA, supplementary variables, which do not affect the dimensional 
contributions of active variables, can be added and represented in the graph to facilitate analysis.
In this paper, the SHS users in Alumar (47 out of 50) were surveyed to collect user attributes data.
PCA was conducted for 10 selected user attributes, shown in Table 1. These attributes represent
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measurable variables which can help explain or predict user performance. Through PCA, the attributes 
which are influential in certain principal components are identified in relation to the performance of users. 
User performance was measured in two ways: (a) financial performance, which was measured using the 
user`s completeness of payment of the monthly fee (PhP 200) for the SHS maintenance; and (b) technical 
performance, which was measured by scoring the condition of the SHS upon ocular inspection. The 
technical performance scoring mechanism was developed by the authors with expert consultation: battery 
(5 points), charge controller (5 points), load wiring and usage (5 points). The PCA resulted with 4 
meaningful principal components which had acceptable inertias totalling to 72.59%. A_Financial and 
A_Technical were added as supplemental variables which are represented in the dimensions but do not 
affect the inertias of the included variables. The following observations were drawn from the PCA results 
in Fig. 3 and Fig. 4. 
 
 
Fig. 3. PCA results (dimension 1 and 2) (a) variables and (b) individuals 
 
 
Fig. 4. PCA results (dimension 3 and 4) (a) variables and (b) individuals 
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Component 1 (28.562%), displays the financial welfare dimension of the users. It is seen how 
GrossIncome, NetIncome, and Will_MaxPay have the same positive direction to this dimension, which 
was also favoured by positive A_Financial and A_Technical scores. Component 2 (18.93%), represents 
the household composition, where larger households have higher FoodExp and older household heads 
who tend to have lower Education levels. Though weakly represented, A_Financial favoured better 
education. Component 3 (14.02%), shows how willingness to pay and importance for electricity can be 
contrasted with household priorities (e.g. food and water). A_Financial favoured better Will_MaxPay and 
ElectImp. These two variables could be considered to relate with the willingness of users to maintain their 
SHS. Component 4 (11.08%), showed how expenditures (Food) contrasts with NetIncome. Higher 
FoodExp entails lower income. A_Financial favoured higher NetIncome.  
 
From the PCA analysis, higher financial welfare was favoured by both A_Financial and A_Technical. 
It was also observed that users had low Education level, majority of whom did not graduate elementary 
level (72%). Though weakly represented in the PCA analysis, A_Financial and A_Technical may favour 
better educated users. The significant user attributes could be categorised into two types: (1) variables 
which depict a user`s financial or technical capacity (GrossIncome, NetIncome, Education, FoodExp) and 
(2) variables which depict the willingness of users to maintain their systems (Will_MaxPay and ElecImp). 
Both types of attributes showed good variability to explain the structure of the dataset.  The investigation 
concluded that the users in the community had diverse levels of financial and technical capacities and 
willingness which needed consideration. The different levels (tiers) of users were measurable using their 
capacities and willingness attributes. Financial and technical performances were observed to favour users 
with better financial welfare and willingness scores. 
Table 1. Survey data of user attributes (n=47) 
          List of Variables Var Name Mean StdDv. Min Max Allowed 
values 
Units 
A Actual Financial 
Performance 
A_Financial 0.70 0.2 0 1 0 to 1 ratio 
B Actual Technical 
Performance 
A_Technical 12.5 1.9 8 15 0:low to 
15:high 
Score 
1 Gross Income GrossIncome 6,172 2,321 3,000 15,000 - PhP 
2 Net Income NetIncome 687 701 20 4,400 - PhP 
3 Education  Education 1.5 1.0 1 5 1:None to 
5:college 
score 
4 Age Age 44.9 10.2 25 63 - years 
5 Members Members 5.3 2.3 1 12 - persons 
6 Food Expense FoodExp 3,461 1,353 1,000 9,200 - PhP 
7 Water Expense WaterExp 232 275 0 1,400 - PhP 
8 Electricity Expense  
(prior to PV system) 
PrePVExp 204 119 100 700 - PhP 
9 Willingness to  
Pay for SHS (Max) 
Will_MaxPay 184 38.1 70 250 - PhP 
10 Electricity Importance ElecImp 2.1 1.0 1 4 1:low to 
5:high 
score 
 
 George William Hong and Naoya Abe /  Energy Procedia  33 ( 2013 )  355 – 363 361
3. A multi-tiered approach to energy provision
Compiling the observations and realisations of the Pangan-an and Alumar cases, the holistic multi-
tiered approach was conceived. The typical approach of averaging the needs (income and energy 
consumption) and providing one type of system for a community may not be appropriate to address the
differences among users. It was evident, therefore, that the diverse types of users (with varying resources,
capacities and willingness of users within a community) required different types of systems to be 
installed. For rural communities with diverse mix of users, a holistic multi-tiered approach in energy 
provision is recommended. Holistic pertains to the proper consideration of the financial, technical,
environmental, social, and institutional aspects of the system and project. A multi-tiered approach
pertains to the use of different types of systems that cater appropriately to the different types of users with
varying levels of available resources, capacities, and willingness to sustain a system. In a multi-tiered 
approach, a community can be divided into different tiers of users depending on several important 
criteria, i.e. financial and technical capacity to sustain, willingness to sustain, and need for electricity.
Each specific tier can have an appropriate energy provision system that can accommodate the given and 
necessary conditions to that tier.
Figure 5 depicts the multi-tiered approach for off-grid energy provision for rural communities using
solar PV systems (sub-centralised solar PV, SHS, and rechargeable LED lamps). For example, a 
community can be divided into three meaningful tiers considering the available resources, capacities and 
willingness of users: (a) upper tier, to feasibly have a more capital intensive sub-centralised system; (b) 
middle tier, to feasibly have a more affordable system such as an SHS; and (c) lower tier, to feasibly have
the least costly option of LED lamps. Considering different tiers (levels) of users would lessen the 
variability of the necessary conditions required to sustain the systems provided. Table 2 can be referred to
when considering the appropriateness of the different types of solar PV systems. A holistic multi-tiered 
approach may, thus, facilitate both the appropriateness and the sustainability of the systems adopted for
the community.
Fig. 5. A multi-tiered approach to off-grid energy provision using solar PV
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Table 2. Types and characteristics of off-grid solar PV systems 
System Type Sub-centralised  
PV system 
Solar home system LED lamps system 
Distribution mini-grid for several households individual household or small 
clusters 
individual or per household 
basis 
Typical power capacity > 10 kW < 0.1 kW <10 W (limited to lighting or 
radio) 
Household location households are located in 
clusters, viable for mini-grid 
households can be clustered or 
distantly separated 
households are located close 
(<1km) to central charging 
station while individual  
charging option allows more 
dispersed locations  
Technical requirement highly trained staff to operate and 
maintain the plant 
moderately knowledgeable 
household owner can operate 
simple operations for lamp 
usage and charging 
Financial requirement high initial cost and moderate 
maintenance cost shared by 
community 
(25  100 US¢/kWh) 
relatively high initial cost with 
low maintenance costs 
(40  60 US¢/kWh) 
moderate initial cost with low 
maintenance cost 
(5 - 30 USD/ lamp) 
Life cycle 5 to 10 years for battery and 
inverters,  and 20 years for panels 
2 to 3 years for batteries and 20 
years for panels 
1 to 2 years for lamp batteries 
4. Conclusions 
The investigation was conducted to address the sustainability issues which hamper off-grid RES 
projects: a  capacity mismatch. From the investigated cases, important 
realisations led to the conception of the multi-tiered approach. 
  
For the Pangan-an Island case, the mismatch between the technology and capacity of users led to an 
unsustainable off-grid RES project. The diversity of users and needs needed better consideration. 
Furthermore, a strategic approach using rechargeable LED lamps was found to be a more affordable and 
effective approach for the lower income group within the community. For the Alumar Island case, the 
investigation revealed that user attributes could be used to properly understand the financial and technical 
performance tendencies of users in maintaining their SHS systems. It was highlighted that both capacity 
and willingness of users are important to consider in designing and developing off-grid RES projects. 
 
For rural communities with diverse mix of users, a holistic multi-tiered approach in energy provision 
was recommended. A multi-tiered approach pertains to the use of different types of systems that cater 
appropriately to the different types of users with varying levels of available resources, capacities, and 
willingness to sustain a system. 
 
In the Philippine cases, for example, a community can be divided into three meaningful tiers: (a) upper 
tier, to have a more capital intensive sub-centralised PV system; (b) middle tier, to have a more affordable 
and individualised system such as an SHS; and (c) lower tier, to have the least costly option of LED 
lamps. Considering different tiers (levels) of users lessens the variability of the necessary conditions 
required to sustain the systems provided. A holistic multi-tiered approach may, thus, facilitate both the 
appropriateness and the sustainability of the systems adopted for the community.  
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